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I. INTRODUCTION
Recently, CDF and D0 measured the tt forward-backward asymmetry at the Tevatron and found an approximate 2σ deviation from the SM prediction [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . In the latest CDF analysis [14] , it is found that the measured A FB is larger than the SM prediction by 3.4σ in the M tt > 450GeV region. These experiment results induced lots of new physics (NP) discussions .
Of all these NP explanations, one of the most discussed model is the t-channel Z ′ /W ′ /scalar model , where the NP particle Z ′ /W ′ /scalar induces a new t-channel→ tt. New asymmetric cross sections come from both the interference of the NP t-channel diagram with the SM gluon propagated s-channel diagram and the self-conjugation of the NP t-channel diagram. Contributions to the cross section from the above two resources have opposite sign, so an approximate cancelation of the new total cross sections can be achieved, which is required by the tt total cross section measurement. The t-channel neutral Z ′ model [15] [16] [17] [18] [19] [20] [21] is strongly restricted by the same-sign top quark pair production at the Tevatron [69, 70] and the LHC [15, 18, 19, [21] [22] [23] 71] ; it is disfavored by the latest CMS [71] measurement of the same-sign top quark pair production at the LHC. W ′ /scalar is not sensitive to the same-sign top quark pair production, but can be easily tested (with only O(fb −1 ) of integrated luminosity) at the LHC though the tt + jets channel [18, 19, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] .
Another kind of widely discussed NP is the s-channel color-octet axial-vector boson [16, 19, [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [19, 49, 50, 52, 53, 55, 56, 60, 62] , is strongly constrained by the dijet [19, 34, 53-55, 58, 59, 72-76] measurements; indeed, the axigluon model proposed in [49] is already excluded by the latest dijet search by ATLAS [19, 76] .
In the paper [64] , part of us for the first time proposed a ∼ 350GeV color-octet axial-vector boson Z C to explain the top quark A FB anomaly. Z C 's parameters are determined by the so called "above" and "below" mass dependent A FB data, available at that time. Z C is different from the usually discussed O(1TeV) heavy axigluon [19, [49] [50] [51] [52] [53] [54] [55] or KK-gluon [56] [57] [58] [59] or other color-octet resonance [16, 54, [60] [61] [62] as its mass is near the top pair threshold. There are also some literatures [59, [77] [78] [79] which propose about hundreds GeV new color-octet axialvector particles to explain the A FB anomaly at the Tevatron. If the new particle's mass is still much larger than the top pair mass threshold, such as 700 ∼ 800 GeV in Ref. [59, 78, 79] or O(1TeV) heavy axigluon, it must satisfy g q A g Q A < 0 to generate extra asymmetric cross sections. However, for the color-octet axial-vector boson Z C in our previous paper [64] and 400 ∼ 450GeV axigluon in Ref. [77] , the axial couplings to both light and heavy quarks can have the same sign because of the light mass near the top pair threshold. The difference between light axigluon in Ref. [77] and Z C proposed by us is axigluon in Ref. [77] has flavor universal couplings to quarks and Z C has flavor non-universal couplings. In the paper [65] , we studied the possible explanation of both top A FB and the dijet bump in the WZ/WW channel by adopting our proposed color-octet axial-vector boson Z C and put the Z C 's mass M C ∼ 140GeV. However we found that such parameters can not perfectly account for the recent CDF top A FB mass dependent measurements, especially for the 3.4σ deviation for M tt > 450GeV. In this paper, we will focus on this issue and Z C 's parameters are fitted and contour diagrams are drawn, possible cross checks at the LHC are also discussed.
Our paper is organized as follows. Section II describes the feature of the Z C model. In Section III we check the feasibility of this model in explaining the experiment, and obtain the constraints on the model parameters. Implications of this Z C model at the LHC is discussed in Sec. IV, and we conclude in Sec. V.
II. MODEL DESCRIPTION
The squared matrix element of the→ tt process with mediating a SM gluon or Z C is Color, Spin
where q represents any of the light quarks; m = m t / √ŝ , β = √ 1 − 4m 2 , c = β cos θ; and
A are vector-and axial-vector couplings among light quarks (top) and Z C . Γ C is the width of Z C . Terms on the right-hand side represent QCD amplitude self-conjugation, the interference between QCD and Z C amplitudes and Z C amplitude self-conjugation, respectively.
Equation (1) indicates that only odd c terms can contribute to the forward-backward asymmetry. To suppress the impact on the total cross section, it is reasonable to require the vectorlike couplings g q V = g t V = 0. So the new boson has a pure axial-vector coupling to the quarks [16, 50, 53, 54, 59, 61, 64, 65] . Under this assumption, Eq. (1) now becomes,
in which the first term is the SM gluon mediated contribution, the second term is the interference between SM and Z C process, which contributes to a nonezero asymmetric cross section, and the third term is the self-conjugation of the Z C process, which may contribute to the total cross section.
From Eq. (2) one can see clearly that the product g q A g t A must be large enough to generate an extra asymmetric cross section. On the other hand, g q A must be small in order to eliminate the extra contribution to the heavy quark and light dijet cross sections. So the axial couplings can be assumed as,
Therefore {g q A , g Q A , M C } then form the complete free parameters set of the Z C model. Note that here the third generation quarks now have an universal coupling g Q A with Z C , which is different from the assumption in our previous papers [64, 65] . In [64, 65] , Z C 's coupling with bottom quark is set to be the same as those with the first two generation quarks. It will be convenient for the model construction for a generic third-generation coupling, as well as a larger coupling with bottom quarks will broaden Z C 's width Γ C , which makes it easier to be hidden in the invariant mass spectrum. g b A may be constrained from b physics, however, it can be expected that such constraints would be moderate due to the huge QCD backgrounds. There will be a brief estimation based on the optimal fitted parameters in the following sections.
We shall check the feasibility of this model in explaining the latest experiments, and explore the experimental constraints on these parameters. This will be the content of the next section.
III. ANALYSIS
As mentioned in the above section, there are three independent parameters in the Z C model, {g Their explicit expressions can be listed as follows:
• Total cross section is a sum of the SM QCD and Z C induced cross sections.
Here σ Z C is taken as its born level expression, as shown in the third term in Eq. (2).
σ SM is up to NLO QCD level.
• The asymmetry is contributed from both Z C and SM QCD resources.
(A
where σ A is the asymmetric cross section, and the subscript a/b denotes that the M tt are integrated above/below than 450GeV. Note that in the experiments, the SM expectation of the asymmetry is obtained from Monte Carlo generators, in which the denominator is taken as the NLO QCD cross section. It will be different with the usual theoretical calculation with a K factor [80] , which is at order K ∼ 1.3. We neglect this effect here. For all the three variables, their one standard deviations are taken as the corresponding experimental errors. Some relative quantities are listed in Table I .
In our numerical calculation, the SM parameters are set as
the renormalization and factorization scales are chosen as µ R = µ F = m t ; the PDF package CTEQ6L is used for the LO calculation and CTEQ6m is used for the NLO QCD calculation.
Generally speaking, there are two alternative methods to find the possible parameter region for M C . The first approach is to consider the constraint one by one independently, the second approach is to construct a total χ 2 by utilizing all inputs. We will use both methods in the following studies. It will be seen later that the two methods give the consistent results. Figure 1 shows the contour diagram of the three independent constraints with M C varying from 380 GeV to 485 GeV with a step of 15 GeV. The green/yellow area is the 1 σ allowed parameter region by requirement of the A FB above/below M tt = 450 GeV. The area in the left region of the red curve is the allowed region from constraint from tt total cross section.
The constraints can be understood by referring Eq. (2): For a lighter Z C with its mass smaller than 450 GeV, it will be easy to induce the measured A FB for M tt > 450 GeV but difficult for M tt < 450 GeV. The reason is thatŝ − M 2 C is more likely to be positive for M tt < 450 GeV, opposite to the measured central value of A FB . The opposite situation will happen when M C is larger than 450 GeV, whereŝ − M 2 C is likely not large enough to produce enough asymmetric cross section and the product g q A g Q A should be lager, out of the plotted region in Fig. 1 . Z C 's impact on the total cross section will be always small, as can be seen in the third term in Eq. (2), so this constraint is not sensitive to the variation of the three parameters. After applying the three constraints, the overlapping region is 410 GeV M C 455 GeV. The second method is the standard χ 2 fit, in which the χ 2 is defined as
where O i represents the three observables σ tot , (A FB ) a and (A FB ) b . δO i are taken as the corresponding experimental errors. A possible 3-dimension parameter region is scanned to find the minimal χ 2 point. Contour diagrams are obtained by the variation ∆χ 2 ≡ χ 2 − min(χ 2 ). In principle, such a χ 2 fit is not very suitable as there are too many free parameters and too few data samples. However, we make the χ 2 fit anyway and the situation may be improved in case of more statistics in the future. Figure 2 shows the two-dimensional contour diagrams with the other one parameter fixed at its optimal point. The best-fit parameters are M C = 440 GeV, g top pair threshold as the central value of (A FB ) b is negative. Z C 's axial-vector like coupling to the light quarks g q A is about (0.04 ∼ 0.12). The dijet constraints can be easily satisfied [40, [72] [73] [74] [75] [76] as comparing to the SM Z boson's couplings to the light quark ∼ 0.36. Figure 1 shows that g Q A must be large, which indicates that Z C maybe a condensate of the heavy quark pairs. Here we take g Q A as an effective coupling so the born level calculation in the Z C model is still reliable. The expectations of the best-fit Z C model, as well as the corresponding experimental measurements, for the mass dependent A FB and the total cross section are listed in Table II. Comparing with Table I , one can see that by introducing Z C , the fit improves greatly and the anomaly between the theory and the experiment disappear, which are also illustrated in Fig.3. Figure 4 shows the impact of Z C on the dσ/dM tt distribution. A slight bump is introduced in the dσ/dM tt distribution. However, due to its small size and the experimental uncertainty, this bump is hard to detect. Table I and Table II . 
IV. THE IMPLICATIONS OF Z C AT THE LHC
The top quark A FB anomaly discovered at the Tevatron can be successfully explained by introducing the color-octet axial-vector-like boson Z C . In this section, we will discuss how to study Z C at the more powerful machine LHC. Discussions will be focused on on two kinds of final states, tt and bb, as Z C is assumed to couple strongly to third generation quarks.
Different from the pp collider Tevatron, there is no preferred direction at the chargesymmetric pp collider LHC. Various definitions of forward-backward asymmetry are proposed [6-8, 80, 82-90] to solve this problem. We make use of the so-called "one-side forward-backward asymmetry", A OFB [80, 89] , which is both conceptually transparent and observationally easy to detect.
The definition of A OFB is:
with
where ∆Y = Y Q − YQ is the difference of rapidity between Q andQ. P z cut is a cut on the longitudinal momentum P z QQ . The detailed definition can be found in Ref. [80] .
Through our calculation, the SM parameters and PDF sets are chosen as in the last section (see Eq. (6) and the context therein), b-jet cut is taken as the transverse momentum P b T > 20 GeV and Y < 2.5, and the tt and bb detection efficiency are set as ǫ tt = 4% and ǫ bb = 25%, respectively [91] . The energy of the LHC is set to be 7 TeV and an integrated luminosity of 10 fb −1 is assumed.
A OFB as a function of P As mentioned in the above section, Z C can cause a negative sign A FB in the M QQ < M C region, compared to the always positive A FB for all energy regions in the SM. This is an interesting signature for tt or bb final states. Figure 2 shows that M C can vary in an interval about 360 ∼ 500 GeV within 2 standard deviations. If M C > 2m t , both A FB (tt) and A FB (bb) will be negative in the interval 2m t < M QQ < M C . If 2m b < M C < 2m t , A FB (tt) will be always positive and A FB (bb) will be negative in the interval 2m b < M QQ < M C . This behavior can be used in checking the universal couplings of Z C with the third-generation quarks. So it is crucial to measure the invariant mass dependent A FB for both top and bottom quark states to fix the location of the mass of Z C . 
V. CONCLUSION AND DISCUSSION
In this paper we reexamine a color-octet pure axial-vector boson Z C to account for the A FB anomaly of the tt production at the Tevatron. Being a color-octet boson, Z C is automatically leptonhobic, free from the di-lepton final state constraints. The pure axial-vector couplings of Z C with quarks impact mainly on the quark angular distributions, rather than the total cross sections. Our studies show that Z C 's mass is about hundreds GeV and couples to light and heavy quarks with different strength. The best-fit parameters are M C = 440 GeV, g q A = 0.07 and g Q A = 3. It can account for the measured A FB excellently and at the same time has little impact on the two critical observables of dσ/dM tt and dijet production. We also calculate A OFB for top and bottom quark pair production at the LHC, focusing on the new contributions from Z C . Our studies show that A OFB can be utilized to measure the properties of new particle Z C .
